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A simple and inexpensive nano high performance liquid chromatography system (nano-LC)
employing the exponential dilution method for gradient separations was built. The system was
used to analyze a tryptic digest of Escherichia coli uracil DNA glycosylase (Ung; Mr  25,563),
a DNA-binding protein that initiates the uracil-excision DNA repair process by catalyzing the
release of uracil from the deoxyribose phosphate backbone of DNA. Both on-line and off-line
approaches to analyzing peptides produced by in-gel digestion of Ung are demonstrated. The
on-line approach uses nano-high performance liquid chromatography (HPLC)/micro-electro-
spray MS to assign peptide masses. The off-line approach uses matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and nano-electrospray/
collision-induced dissociation (CID) tandem mass spectrometry, to analyze fractions (2–3 L)
collected manually from the nano-LC system. The nano-electrospray technique allows detailed
fragmentation information to be obtained at different collision energies with only a marginal
increase in sample handling due to the nano-LC step. (J Am Soc Mass Spectrom 2001, 12,
1205–1213) © 2001 American Society for Mass Spectrometry
The development of highly sensitive matrix-as-sisted laser desorption/ionization (MALDI) andelectrospray ionization (ESI) mass spectrometric
techniques for the analysis of peptides, proteins, and
other biomolecules during the last decade generated the
concomitant development of miniaturized separation
techniques. Liquid chromatography at flow rates under
1 L/min using packed fused-silica columns with i.d.
less than 100 m was introduced in the early eighties by
McGuffin and Novotny [1] and independently studied
over the next dozen or so years by Karlsson and
Novotny [2] and by Kennedy and Jorgenson [3, 4]. In
principle, such minimization should significantly in-
crease mass sensitivity and separation efficiency. By
1991, it had been demonstrated that chromatography on
this scale could be directly coupled to a mass spectrom-
eter using a coaxial, continuous-flow, fast atom bom-
bardment interface [5], and only two years later, it was
shown that the same could be done with a micro-ESI
interface [6, 7]. The term nano-LC was introduced to
describe chromatographic separations performed at
flow rates in the range of 10–1000 nL/min on packed
fused-silica columns with i.d. between 10 and 150 m
[5, 8].
In order to exploit the advantages of nano-LC, it is
necessary to have a micropumping system that can
provide gradient elution at flow rates below 1 L/min
while maintaining accurate proportioning, homoge-
neous mixing with minimal delay, and reproducible
delivery of the mobile phase. Commercial HPLC sys-
tems, e.g., the Agilent 1100 (Agilent Technologies, Palo
Alto, CA), which can do this directly have become
available very recently, but the most common way to
achieve gradient elution in the nano-LC domain at
present is to insert a flow-splitter between a conven-
tional HPLC solvent delivery system and a nanocol-
umn. The inlet ports of most microinjectors designed
for capillary LC applications operating at flow rates of
5–10 L/min have dead volumes between 5–15 L. In
nano-LC applications, dead volumes of this magnitude
act as mixing chambers that introduce delays in estab-
lishing the gradient and alter the delivery system’s
gradient profile through solvent mixing. Rather than
taking inordinate measures to minimize the unavoid-
able dead volumes between the splitting point and the
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microinjector, one can use simpler, less expensive
pumps to deliver solvents and take advantage of the
exponential dilution [9] that occurs in the dead volumes
to produce useful chromatographic gradients at flow
rates less than 1 L/min.
This alternative was pursued in our present work by
constructing an exponential gradient nano-LC system
from inexpensive components and examining its poten-
tial for being used in combination with MALDI or
Nano-ESI mass spectrometry to separate and analyze
the peptides in an enzymatic digest of E. coli uracil
DNA glycosylase (Ung). Uracil DNA glycosylase is one
of five proteins that participate in the uracil-excision
DNA repair process, the major cellular defense mecha-
nism against spontaneous DNA damage. The enzyme
begins the repair process by catalyzing the cleavage of
the N-glycosidic bond that joins uracil to the deoxyri-
bose phosphate backbone of DNA [10]. Native Ung,
which was the first enzyme of its class to be purified to
homogeneity, is a single polypeptide consisting of 228
amino acids (Mr  25,563). The results of this work
demonstrate that an uncomplicated approach to
nano-LC can be applied in both on- and off-line appli-
cations of protein analysis to produce useful data when




Peptide standards, acetic acid (AA) and trifluoroacetic
acid (TFA) were obtained from Sigma Chemical Co. (St.
Louis, MO). HPLC grade acetonitrile was purchased
from Fisher Scientific (Pittsburgh, PA). Water was gen-
erated with a Mili-Q water purification system (Mili-
pore Corp., Bedford, MA).
Sample Preparation
Uracil DNA glycosylase (Ung) expressed in E. coli was
purified as described by Bennett and Mosbaugh [11].
Denatured protein was analyzed by 12.5% polyacryl-
amide SDS slab-gel electrophoresis according to a pre-
viously published method [12]. Protein bands, identi-
fied by staining the gel with 300 mM copper chloride for
5 min, were cut out (100 pmoles protein/gel slice),
placed in 1.5 mL Eppendorf tubes, and destained by
rinsing four times on a vortex mixer with destaining
solution (Bio-Rad, Hercules, CA). Each rinsing step was
carried out for 15 min. In-gel protein digestion was
performed according to a modified procedure intro-
duced by Shevchenko et al. [13]. Gel slices were pre-
pared for in-gel proteolytic digestion by washing them
with 100 mM ammonium bicarbonate, dehydrating
with 100% acetonitrile, rehydrating with bicarbonate
solution, and dehydrating again with 100% acetonitrile.
Each gel preparation step was carried out for 15 min
with vortexing. After removing the liquid phase and
drying under vacuum for 3 h, the gel slices were placed
in 0.6 mL Eppendorf tubes and covered with 200 L of
digestion buffer (50 mM ammonium bicarbonate, 1 mM
calcium chloride) containing 36 ng/L trypsin (Boehr-
inger, Mannheim, Germany). The tubes were placed in
an ice bath for 1 h after which the supernatant was
removed and replaced with 50 L of digestion buffer
without enzyme. After allowing enzymatic cleavage to
proceed overnight at 37 °C, the volume of the digestion
buffer collected from six digested gel pieces was re-
duced to about 50 L under vacuum to yield a final
peptide concentration of 5–10 pmoles/L. This prepa-
ration provided sufficient peptide sample for several
mass spectrometric experiments.
Column Preparation
The nano-LC columns were prepared by packing 20 cm
lengths of 360 m o.d.  75 m i.d. fused-silica
(Polymicro Technology, Phoenix, AZ) with 5 m, 300 Å
pore, Luna C18 silica gel particles (Phenomenex, Tor-
rance, CA) using a pressurized bomb method described
by Kennedy and Jorgensen [3]. In short, the end of the
silica capillary that is to become the inlet is slipped
through a seal into the bomb containing a slurry of
isopropanol and the packing material (25 mg/mL); the
outlet of the column is inserted into a Valco (Houston,
TX) microbore end-fitting containing a 2 m Valco
metallic screen that acts as a temporary outlet frit. The
packing material is forced into the capillary by pressur-
izing the bomb to 1,500 psi; about 2 h are required to
pack a 20 cm long column. After the gas pressure is
slowly released from the bomb, the inlet of the column
is connected to an HPLC pump and flushed with
acetonitrile for 2 h and Mili-Q water for another 2 h. A
fused-silica splicer (Fujikura, Japan) is used to prepare
the final outlet frit while the column is still wet. The
column is left without an inlet frit because this end must
be occasionally trimmed to eliminate plugging by very
small gel pieces from the in-gel protein digests.
Nano-LC System
Figure 1 shows a schematic of the nano-LC system. For
LC/UV chromatography, solvents A and B were 0.04%
Figure 1. Schematic of the nano-LC system: (1) solvent delivery
pumps, (2) inline filter, (3) flow-splitter, (4) restriction capillary, (5)
3 L mixing chamber; (6) loop injector (12 L mixing chamber), (7)
nanocolumn, (8) transfer capillary, and (9) UV detector.
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TFA in water and 0.04% TFA in 40% acetonitrile,
respectively, and for LC/MS chromatography, solvents
A and B were 0.1% AA plus 0.01% TFA in water and
0.1% AA plus 0.01% TFA in 40% acetonitrile, respec-
tively. Since an elution gradient is produced by intro-
ducing solvents A and B serially into the two mixing
chambers, it suffices to use only one pump at a time to
isocratically deliver the respective solvents. For conve-
nience, two conventional HPLC pumps (Kratos Analyt-
ical Spectroflow 400, Ramsey, NJ) were used for this
purpose. The solvents were each delivered at 30–50
L/min. From the pump, solvent passes through an
inline filter (Kratos Analytical) into a flow-splitter. The
filter helps avoid clogging of the system downstream.
The flow-splitter comprises a PEEK T-piece (Upchurch
Scientific, Murrieta, CA), a 30 m i.d  50 cm fused-
silica waste-line that functions as a flow resistor, and a
60 m i.d  5 cm PEEK connecting line to the first
mixing chamber. The split ratio of this arrangement is
between 1:50 and 1:100 so the flow through the analyt-
ical column is in the range 300–1000 nL/min. A ZDV
PEEK union (Upchurch Scientific) drilled out to an
internal volume of 3 L was used as the first mixing
chamber of the exponential gradient elution system,
and the inlet port of the injection valve served as the
second mixing chamber. A micro-injection valve with a
port volume in the range of 8–12 L (Rheodyne Model
7520, Rohnert Park, CA) was used with a 1 L internal
sample injection loop for on-line nano-LC/MS whereas
an injector with an internal volume of about 10 L
(Rheodyne Model 8125) was used with a sample injec-
tion loop of 5 L for off-line nano-LC/MS. PEEK tubing
with 60 m i.d. was used to connect the pumps to the
filter, splitter, mixing chamber, and injector. The inlet of
the 75 m i.d.  20 cm nanocolumn was attached
directly into the injector’s outlet port. The outlet of the
nanocolumn was connected via a 30 m i.d.  20 cm
fused-silica transfer line to a capillary electrophoresis
(CE) unit (Beckmann P/ACE System 2210, Fullerton,
CA) in order to provide UV detection and data acqui-
sition capabilities for the system. The nanocolumn was
attached to the transfer capillary with a short piece of
teflon tubing; the length of the transfer capillary from
the outlet of the nanocolumn up to the detector was 13
cm. A small diameter hole was drilled in the upper part
the CE unit’s cartridge (the housing that holds the
capillary in place) to allow the packed capillary column
to be connected to the transfer line inside the cartridge.
A small hole, aligned with the hole in the cartridge, was
also drilled in the upper right part of the cartridge
interface of the CE unit.
Samples were loaded from the injection valve onto
the nanocolumn by connecting pump A to the system
and raising the inlet pressure to 200 bar so the sample
was displaced from the injection loop by solvent A onto
the column at a flow rate of 1.2 L/min. After allowing
sufficient time to completely displace the sample from
the injection loop (10 min), pump A was stopped and,
after allowing the pressure to drop to 1 bar, discon-
nected from the system. Pump B was then connected to
the system, and the inlet pressure was raised to 100 bar
to deliver solvent B at 0.5 L/min.
Mass Spectrometry
MALDI-TOF MS analyses were performed on a custom
built instrument [14] equipped with delayed extraction
and an ion mirror. For analysis of a protein digest, 1 L
of a 1:3 (vol:vol) mixture of peptide solution (0.5 L)
and a saturated solution of -cyano-4-hydroxycinnamic
acid (Sigma, St. Louis, MO) in 50% acetonitrile) was
spotted on the MALDI probe. The instrument was
operated in the positive ion mode with an accelerating
potential of 20 kV and an extraction delay of 500 ns. A
spectrum was produced by using MoverZ software
(ProteoMetrics, LLC, http://www.proteometrics.com/
software.html) to collect and average data generated
from 30 laser pulses.
Nano-ESI MS analyses were performed on two dif-
ferent instruments: an API III triple- quadrupole (PE-
Sciex, Ontario, Canada) and an LC-Q ion trap (Finni-
gan, San Jose, CA). A custom built nanospray assembly
[15] was designed so that, with minor adjustments, it
can be operated on either instrument. For analysis of a
protein digest, 1 L from each chromatographic frac-
tion was loaded in a nanospray capillary purchased
from Protana (Odense, Denmark). The API-III was
operated with the needle set at 750 V, the interface at
100 V, the orifice electrode at 60 V, and the curtain gas
flow at 0.4 L/min. In the MS mode, Q1 was scanned in
steps of 0.1 Da with a 1.5 ms dwell time. For operation
in the MS/MS mode, Q1 was set to transmit a 2 Da mass
window centered on the precursor ion, and product ion
spectra were recorded by scanning Q3 in steps of 0.2 Da
with a 3 ms dwell time. The LC-Q was operated in the
MS mode with the needle potential set to 900 V, the
temperature of the heated inlet capillary at 180 °C, the
capillary potential at 46 V, the tube lens offset potential
at 30 V, and the maximum injection time was 50 ms. For
operation in the MS/MS mode, the maximum injection
time was increased to 500 ms, the isolation width was
set to 1 Da, and the collision energy was tuned individ-
ually for each peptide to obtain the best possible
MS/MS spectra. MS/MS spectra from both instruments
were interpreted with the aid of MS-Tag software
(University of California at San Francisco, Mass Spec-
trometry Facility, http://prospector.ucsf.edu/).
On-line nano-LC/ESI MS was performed using a
custom built micro-electrospray source installed on the
LC-Q instrument. A short piece of teflon tubing was
used to couple the packed fused-silica column to a New
Objective (Cambridge, MA) fused-silica, coated needle
(360 m o.d.  50 m i.d.  5 cm, 30 m tip). During
operation, the needle potential was set at 2.6 kV.
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Results and Discussion
On-Line Nano-LC/MS
A continuous exponential gradient from 0 to 100%
solvent B will emerge from a chamber initially filled
with solvent A if the latter is displaced from the
chamber by an equal volume of solvent B delivered at a
constant flow rate [9]. More specifically, the concentra-
tion Bsingle(t) of solvent B in the mobile phase exiting a
single mixing chamber of volume V1 is given at any
time t, after solvent B begins to enter the chamber, by
the exponential expression
Bsingle(t)  B01  e
t/1 (1)
where B0 is the concentration of solvent B in the mobile
phase used to displace solvent A from the mixing
chamber and 1  V1/F is the time it takes to displace
solvent A. When two mixing chambers with volumes
V1 and V2 respectively are connected in series (as in
Figure 2), Bsingle(t) at the outlet of the first mixing
chamber becomes the initial concentration of the mobile
phase entering the second chamber. In this case, the
differential equation for the rate of increase of B in the
mobile phase exiting the second chamber can be shown







where 2  V2/F.
Solving eq 2 yields the following formula for the time
dependent concentration Bdouble(t) of solvent B exiting
the second mixing chamber:
Bdoublet  B01  12  1 2et/2  1et/1 (3)
Figure 3a shows the theoretical shapes obtained for four
different gradients produced at a flow rate of 0.5
L/min by two mixing chambers. In all four cases, the
volume of the first mixing chamber was 3 L, but the
volume of the second mixing chamber was 5, 10, 12, and
15 L, respectively. Figure 3b exhibits the correspond-
ing experimental profile obtained by monitoring the
increase in UV absorbance as solvent B spiked with 10%
acetone (vol/vol) elutes from the nano-LC system pic-
tured in Figure 1. The onset of the curve in Figure 3b
indicates a delay of around 10 min in establishing the
gradient. Comparison of Figures 3a and b, with allow-
ance for the 10 min delay in time in the experimental
curve, indicates a close match between the shape of the
Figure 2. Two mixing chambers having different volumes V1
and V2 connected in series. 1 and 2 are the times it takes to
displace volumes V1 and V2 of solvent A from chambers 1 and 2
respectively.
Figure 3. Mobile phase gradients formed by diluting solvent A with solvent B in the double mixing
chamber system shown in Figure 1. (a) Theoretical profiles generated by programming Microsoft
Excel 6.00 to plot Bdouble(t) as given by Eq 3 with B0  100%, F  0.5 L/min, V1  3 L, and V2 
5 L (dashed lines), 10 L (solid lines), 12 L (dotted and dashed lines), and 15 L (dotted lines). (b)
Experimental profile produced at 0.5 L/min (pressure at inlet filter  100 bar) after connecting
solvent B:10% acetone (vol/vol) and monitoring the absorbance of the acetone in the eluant at 254 nm
(0.014 AU  full scale absorbance for solvent B:10% acetone).
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experimental gradient and the shape of the theoretical
gradient with V1  3 L and V2  10 L. This degree of
agreement signifies that mixing of the solvents in both
chambers was nearly homogeneous.
Gradient reproducibility was measured by three
consecutive injections of a Ung tryptic digest sample.
The nano-LC/MS base peak chromatograms obtained
are shown in Figure 4. Peptide samples serve as a
sensitive monitor for gradient reproducibility because
even minor changes in gradient composition result in
detectable variations in retention time [16]. The ad-
justed retention time and the corresponding mean and
relative standard deviation (RSD) for each of seven
major peptides seen in the chromatograms are listed in
Table 1. Although the RSD obviously increases system-
atically with increasing retention time, it remains below
0.3% (n  3) for adjusted retention times up to at least
20 min. Thus, the reproducibility of the gradient profile
from run to run is analytically useful and indicates a
high level of performance for the entire nano-LC sys-
tem.
The nano-LC/UV chromatogram of the same sample
under identical gradient conditions is exhibited in Fig-
ure 5. The sensitivity is not as great as would be
obtained with a conventional UV detector, because a
very short path length (30 m) is used for the nano-LC
system. The baseline absorbance in this chromatogram
gradually decreases with increasing time as acetonitrile
from solvent B replaces water from solvent A. The
peaks in the ion chromatograms are broader than the
corresponding peaks in the UV chromatogram for two
reasons. First, the level of TFA in the ion pairing agent
employed in the LC/MS runs (0.1% AA plus 0.01%
TFA) was lower than in the LC/UV runs (0.04% TFA)
Figure 4. Nano-LC/ion trap base peak ion chromatograms of a tryptic digest of Ung obtained for
three consecutive runs. Based on Ung’s 20 theoretically possible tryptic fragments, the peptides are
labeled Tn (n  1, 20) from the N terminal; peptides containing missed tryptic cleavage sites are
labeled Tn/n1 (n  1, 20). Each chromatogram was produced by injecting1 L of tryptic digest (5–10
pmoles/L onto the column (75 m i.d 20 cm; 5 m C18) and eluting at 0.5 L/min (pressure at inlet
filter  100 bar) with an exponentially produced gradient of 0% to 40% solvent B (0.1% AA plus
0.01% TFA in 40% acetonitrile). Ion detection was from m/z 300 to 2000.




T3 T5 T11 mT2 T4 T8/9 T2
1 4.3 4.93 9.86 10.75 11.76 15.63 19.99
2 4.26 4.88 9.83 10.74 11.69 15.93 20.42
3 4.32 5 9.92 10.87 11.92 15.89 20.46
Mean (min) 4.29 4.94 9.87 10.79 11.79 15.82 20.29
RSD (%) 0.03 0.06 0.05 0.07 0.12 0.16 0.26
a Adjusted retention time  retention time for nth peptide–retention time for T18 peptide.
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because TFA suppresses peptide ion formation in elec-
trospray ionization and thus degrades sensitivity. With
less TFA present in the LC/MS mobile phase, ion
pairing among the peptides is reduced, and conse-
quently the peptide’s chromatographic peaks are
broader. Second, an additional dead volume is intro-
duced into the LC/MS runs through the coupling
between the nanocolumn and the spraying needle.
Of the 20 tryptic fragments theoretically possible for
Ung, 15 were identified from the mass spectra that
compose the ion chromatograms in Figure 4. As is
typical for tryptic digests, the missing peptides are
either very short (e.g., T14 is K and T16 is QR) or very
long (e.g., the molecular weight of T6/7 is over 3000 Da).
The small peptides cannot be efficiently trapped during
injection onto the column, and the big peptides (	3000
Da) are not extracted into the digestion buffer. The
incomplete digestion of T3/4 is presumably due to steric
hindrance whereas that of peptides T6/7 and T8/9 is due
to the well known fact that trypsin does not efficiently
cleave R™P bonds. The only cysteine in Ung, which
appears in T19, was acrylamide modified [12].
Off-Line Nano-LC/MS
Numerous instances are still encountered in mass spec-
trometric analyses of proteins in which limited sample
amounts or diluted sample solutions make it necessary
to isolate or concentrate certain peptides contained in
complex proteolytic mixtures in order to analyze them
further by MALDI-TOF MS and nano-ESI MS/MS. In
particular, MS/MS analysis of a peptide requires that
the collision energy be tuned properly in order to obtain
adequate sequencing information for identification.
Generally in nano-LC/MS, the width of a peptide’s
elution profile at the outlet of the column is in the range
of 7–15 s; this is too little time to allow for optimal
adjustment of the MS/MS collision energy for a peptide
as it elutes off the column. Consequently, an enzymatic
digest of a protein is usually systematically analyzed at
different collision energies in a progression of experi-
ments in order to obtain sufficient sequence information
from as many of the peptides as possible. This problem,
which is associated with the narrowness of the chro-
matographic peaks, is compounded when peptides
coelute. To overcome these problems, Davis and Lee
introduced the concept of variable flow nanoscale sep-
aration in which peptides are separated at 200 nL/min
but MS/MS analysis is performed at a “peak parking”
rate of 25 nL/min [17]. When a digest contains a
particularly large number of peptides or a cluster of
several peptides that only partially separate on the
column, this approach can fail to produce the desired
sequencing data. In such situations, nanospray MS/MS
analysis can be more practicable. The nanospray signal
from a single sample of a protein digest typically lasts
for periods of 20–30 min, which is generally ample time
to determine the optimum collision energy and record
the MS/MS spectrum for each of many peptides [5,
18–20]. If a digest contains a larger than usual number
of peptides however, even this method can be im-
proved by fractionating the sample off-line on a
nano-LC column and loading the individual fractions
into nanospray tips.
Figure 6 shows a chromatogram produced by over-
loading the column with 10 L of a Ung tryptic digest.
The broad widths of the peaks are a clear indication of
the excessive amount of sample on the column. In spite
of this gross condition, peptidic separation was suffi-
cient to permit collection of 15 well defined peptide
fractions. Each of these fractions was analyzed by
MALDI MS and nano-ESI MS to assess the degree of
Figure 5. Nano-LC/UV chromatogram of a Ung tryptic digest.
Based on Ung’s 20 theoretically possible tryptic fragments, the
peptides are labeled Tn (n  1, 20) from the N terminal; peptides
containing missed tryptic cleavage sites are labeled Tn/n1 (n  1,
20). The chromatogram was produced by injecting 1 L of tryptic
digest (5–10 pmoles/L) onto the column (75 m i.d.  20 cm; 5
m C18) and eluting at 0.5 L/min (pressure at inlet filter  100
bar) with an exponetially produced gradient of 0% to 40%
solvent B (0.04% TFA in 40% acetonitrile). UV detection was at 200
nm.
Figure 6. Nano-LC/UV chromatogram produced by loading the
column with 10 L of a tryptic digest of Ung in two consecutive 5
L injections. The sample was eluted at 0.5 L/min (pressure at
inlet filter  100 bar) with an exponentially produced gradient of
0% to 40% solvent B (0.04% TFA in 40% acetonitrile). UV
detection was at 200 nm. Fifteen fractions (labeled 1 through 15 in
the order of collection) were collected manually; fraction volume
varied from 2–3 L depending on the collection period (2 to 4
min). One L of solvent A (0.4% TFA in water) was added to each
collection vial before starting the manual collection.
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Figure 7. MALDI (left column) and nano-ESI (right colum) mass spectra obtained from (row a)
Fraction 3, (row b) Fraction 7, (row c) Fraction 8, and (row d) Fraction 12, respectively, of the
chromatographic collection indicated in Figure 6. The nano-ESI spectra were recorded on the ion trap
mass spectrometer.
1211J Am Soc Mass Spectrom 2001, 12, 1205–1213 AN EXPONENTIAL DILUTION GRADIENT
peptide isolation and to tentatively assign peptide iden-
tity. The MALDI and nanosprayed ion trap mass spec-
tra of Fractions 3, 7, 8, and 12 are displayed in Figure 7.
Except for a general tendency to shift the distribution of
charge states upward, the triple quadrupole produced
nanosprayed spectra (data not shown) that are similar
in appearance to those recorded on the ion trap. Com-
parison of Figure 6 with Figure 5 suggests that Fractions
3 and 12, which were collected respectively from seg-
ments of the chromatogram corresponding to well
isolated components, should contain essentially only a
single peptide, whereas Fractions 7 and 8, which were
taken from segments corresponding to crowded, in-
completely separated components, should contain at
least a couple of peptides. The mass spectra shown in
Figure 7 are in accordance with this expectation. Spe-
cifically, the spectra indicate the presence of only Ung-
T18 in Fraction 3 (Figure 7a) and for most part, Ung-T2
Figure 8. Ion trap (left column) and triple quadrupole (right column) MS/MS spectra obtained from
Fraction 3 (row a) and Fraction 7 (row b) respectively of the chromatographic collections indicated in
Figure 6. The precursors for the ion trap spectrum (50% collision energy) and triple quadrupole
spectrum (20 eV collision energy) from Fraction 3 were the singly charged ion at m/z 1169.7 and the
doubly charged ion at m/z 585.4, respectively. The precursor for the ion trap spectrum (20% collision
energy) and triple quadrupole spectrum (25 eV collision energy) from Fraction 7 was the doubly
charged ion at m/z  690.3. MS-Tag analyses of the sequencing data provided by the mass spectra are
summarized in the fragmentation diagrams displayed at the top of each spectrum.
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in Fraction 12 (Figure 7d) but of Ung-T4 plus a non-
tryptic component in Fraction 7 (Figure 7b) and Ung-T1
plus Ung-T19 in Fraction 8 (Figure 7c). There were no
traces of contamination in either the MALDI or nano-
ESI mass spectra of any of the 15 fractions. The MALDI
spectra shown in Figure 7 suggest that the nano-LC
separation technique described in this paper might be
particularly well suited to on-line coupling to a MALDI
source through a vacuum deposition interface like that
recently introduced by Preisler et al. [21, 22]. The ESI
spectra in Figure 7 demonstrate that the nano-LC sys-
tem fractionates complex mixtures into clean samples
for nano-ESI MS even under conditions of excessive
sample loading.
Nano-ESI MS/MS spectra of the components in all 15
of the nano-LC fractions of the Ung tryptic digest were
recorded on both ion trap and the triple quadrupole
instruments to confirm peptide identity. Figure 8a dis-
plays the MS/MS spectra obtained off both instruments
from the single component contained in Fraction 3.
Although the ion trap spectrum was produced from the
singly charged molecular ion (m/z  1169.7) and the
triple quadrupole spectrum was obtained from the
doubly charged molecular ion (m/z  585.4), both mass
spectra exhibit predominantly y-ions. As can be seen
from the fragmentation diagram atop the ion trap
spectrum, the information generated from this particu-
lar peptide, despite the instrument’s low mass cutoff at
m/z 300 [23], is sufficient to assign the sequence of
all of its amino acid residues and identify it as T18
(APHPSPLSAHR). By contrast, the sequence informa-
tion obtained off the triple quadrupole in this case is
incomplete. The latter would, nonetheless, be sufficient
to identify the peptide by searching a database. The
non-tryptic peptide in Fraction 7 was one of several
unknowns fortuitously provided by the Ung tryptic
digest. Figure 8b shows the nanosprayed MS/MS spec-
tra of the doubly charged ion (m/z  690.3) of this
molecule obtained from the ion trap and the quadru-
pole instruments, respectively. The MS/MS spectrum
produced by the ion trap contains almost exclusively
b-ions while that recorded on the triple quadrupole
exhibits mostly y-ions. As seen from the fragmentation
diagrams for these two mass spectra, the sequence
information from either spectrum was adequate for
MS-Tag to identify the unknown peptide as the frag-
ment (FLNTLQTVASER) that is formed by the loss of
the first four amino acid residues (QQPY) from the N
terminal of T2. MS/MS analysis (data not shown) was
used in a similar manner to verify that the relatively
intense ion signal at m/z  1878.8 in the MALDI mass
spectrum of Fraction 12 (Figure 7d) corresponds to the
pyroglutamic acid form of T2 created by the elimination
of ammonia from its N terminal glutamine.
An off-line batch technique cannot match an on-line
alternative for convenience, but in those not infrequent
instances where a protein defies routine, directly cou-
pled HPLC/ESI MS/MS analysis, off-line nano-LC/
nano-ESI MS/MS can provide a critical, complementary
aid to identifying the protein. The two examples de-
scribed in the preceding paragraph indicate how
nano-LC might be used in situations where isolation of
specific peptides from complex proteolytic digests is
necessary in order to perform nano-ESI MS/MS or
possibly MSn under optimum collision conditions. ESI
analyses in the MS and MS/MS modes typically re-
quires mid-femtomole to low picomole amounts of
sample on both ion trap and triple quadrupole instru-
ments—lower levels are possible but not routine at
present [23]. Fractionation by nano-LC does not mea-
surably degrade this sensitivity because opportunity for
sample contamination is minimal and additional con-
centrating steps are unnecessary.
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